Abstract: We review breakthroughs in the area of mid-infrared laser development. We summarize 2009 research across a broad range of mid-infrared laser technologies, including bulk solid-state lasers, fiber lasers, and nonlinear optics for the generation of infrared light between 2 and 8 m.
Introduction
This paper discusses recent worldwide progress developing solid-state lasers and nonlinear optical devices in the mid-infrared (MIR) spectral region. For the purposes of this review, we choose to generously define the MIR as from $2 to 8 m. This review encompasses bulk solid-state and fiber lasers but does not include semiconductor laser sources. Advances in the development of laser and nonlinear materials are also described.
The MIR spectral region is important for a variety of scientific, medical, and remote-sensing applications. For instance, a number of chemicals have characteristic absorption features in the 2-to 4-m band, making MIR laser sources desirable for applications such as trace gas sensing and breath analysis and devices such as laser scalpels. The MIR region also contains atmospheric windows with very high optical transmission and low aerosol scattering which, when combined with the relatively high eye safety of MIR sources, makes MIR lasers useful for wind field profiling and free-space optical communications. Additionally, some novel applications described in the literature in 2009 include the generation of coherent X-rays [1], a 1.5-W tunable frequency comb with idler output from 2.8 to 4.8 m [2], and a spectrometer for sub-Doppler resolution molecular absorption spectroscopy [3] .
MIR laser source research continues because existing devices often fail to meet the size, weight, power, efficiency, or cost requirements of many commercial and military users. Challenges include development of low optical loss materials, limited optical pump sources, and a smaller industrial base for components than at wavelengths such as 1.5 m.
tunable, 1.847 to 2.069 m, continuous-wave (CW) Tm:NaYðWO 4 Þ 2 laser with $400-mW peak output power [5] and a Tm:KLuðWO 4 Þ 2 laser, passively mode locked using carbon nanotubes, that produced 10-ps pulses at 1.950 m [6], were also demonstrated. Additionally, the investigation of CW lasing in Tm:GdLiF 4 was conducted with tunable output from 1.826 to 2.054 m approaching 1 W power [7] . CW and Q-switched operation of diode-pumped Tm:LiLuF 4 slab lasers was reported with an output of 10 W in CW mode and 8 W at 1-kHz pulse repetition frequency (PRF) with 315-ns duration pulses in pulsed mode [8] .
Work also continued on the development of materials that transfer energy from Tm to Ho with advances including demonstrations of both the first CW . Additionally, studies of optical bistability [23] and thermal lensing [24] in Tm,Ho:YLF and Tm:YLF, respectively, were reported.
Fiber Lasers and Fiber Nonlinear Optics
Silica fiber laser research included the development of Tm, Ho, and Er lasers. Of particular interest were high-power demonstrations including a 885-W, multimode laser [25] and a 600-W Tm fiber amplifier chain [26] operating at 2.04 m. We expect that in 2010, the first kilowatt-class Tm fiber lasers will be reported. The 100-W milestone was also demonstrated in Tm fiber lasers with 9 100 nm of wavelength tuning [27] and with pulsed operation [28] .
A number of single-frequency Tm fiber lasers and amplifiers were demonstrated, including a 1.95-m CW laser with less than 3-kHz linewidth [29] , a 1950-nm Q-switched laser [30] , a tunable, 0.3-nm linewidth laser that operated from 1.981 to 2.095 m [31] , and a 20-W, 100-kHz-linewidth, polarization-maintaining amplifier [32] . Additionally, a picosecond-class mode-locked laser was demonstrated using a fiber less than 1 m in length [33] , and a 750-fs Tm:fiber laser was mode locked using a carbon nanotube saturable absorber [34] .
Advances with Er fiber lasers around 2.8 m include the demonstration of a highly stable, 5-W laser with optical efficiency greater than 30% [35] . Reported Ho fiber laser work included the demonstration of gain-switched [36] and Q-switched [37] lasers operating at 80-kHz PRF, as well as a Tm fiber-laser-pumped Ho fiber laser with 4.3 W of output power [38] .
Also of interest were reports of 3-m fluoride fiber lasers, including the report of a 24-W Er laser [39] and a 2.94-m laser based on Ho to Pr energy transfer pumped at 1.15 m by InGaAs diodes [40] .
In addition to widespread work in traditional fiber lasers, new chalcogenide microstructured fibers for MIR generation were reported [41] - [43] . Novel MIR optical fibers are being developed with high transparency in the MIR and offer promise for supercontinuum generation, Raman lasers, and parametric mixers. An example was the generation of 10.5 W of supercontinuum, from 1 to 4 m, in fluoride fiber [44] .
Nonlinear Optics
Parametric mixing, via oscillators, amplifiers, or difference-frequency mixers, continues to be an important technology for the generation of MIR light at wavelengths or output powers inaccessible via direct solid-state or semiconductor sources. Periodically poled LiNbO 3 (PPLN) is the material of choice for many of these applications. For instance, in 2009, PPLN devices have been utilized for waveform generation for MIR optical communications [45] and in the generation of light for trace gas detection [46] , [47] . Supporting these uses, refined Sellmeier equations were reported for 5% MgOdoped periodically poled LiNbO 3 [48] .
With the ability to design for wide gain bandwidth, parametric devices are particularly well suited for ultrafast applications. Recent demonstrations of short-pulse ultrafast optical parametric oscillators (OPOs) include phase-stabilized synchronously pumped parametric oscillators [2] . Additionally, optical parametric chirped pulsed amplification, utilizing MgO:PPLN, was used to generate 2-cycle pulses at 2.1 m [49] and 2.2 m [50] , as well as 1-J, 8-to 9-cycle MIR pulses [51] , [52] .
NLO materials research included progress developing novel materials such as CdSiP 2 , LiInSe 2 , GaSSe compounds, BaMgF 4 , and quasi-phase-matched (QPM) GaAs. CdSiP 2 is of high interest because of its ability to be pumped at near-infrared wavelengths such as 1 and 1.5 m, transparency through the MIR, and the ability to grow and fabricate samples with high optical quality [53] . LiInSe 2 can be pumped at 1 m without two-photon absorption and has generated 282 J at 6.2 m [54] . GaSSe compounds were also investigated for 1-m pumping without two-photon absorption [55] . Similarly, BaMgF 4 offers high transparency from the ultraviolet through the long infrared, with quasi-phase-matching achievable through the whole transparent wavelength region and birefringent phase-matching possible in a more limited region spanning 0.573 to 5.634 m [56] .
Work with GaAs included a demonstration of room-temperature direct-plate bonding [57] . It was reported that bonding of ZnSe and GaP plates had also been achieved. QPM GaAs remains of high interest because of its high nonlinear coefficient, broad transparency, and attractive thermal and phase-matching properties. Fig. 1 shows a recently measured tuning curve, demonstrating that a tunable Cr:ZnSe laser pumping an orientation-patterned GaAs (OP-GaAs) OPO can provide continuous tuning from 3 to 14 m using a single laser/OPO source [58] . In addition to continued improvement in QPM device growth processes and material quality [59] , [60] , QPM GaAs was shown to exhibit polarization-diverse frequency mixing [61] and has been demonstrated in a 20-50-kHz PRF OPO pumped by a Ho:YAG laser [62] . Demonstrated output was 2.85 W with 46% conversion efficiency.
New QPM microstructured devices in silicon waveguides were also reported [63] . Although calculated conversion to 6 m in guided-wave devices was estimated in this work, we await publication of experimental results from this new material.
Conclusion
To conclude, 2009 saw significant activity in the field of MIR laser development. This research will continue in 2010 due to the on-going need for improved laser sources at these wavelengths. 
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